Low levels of the intracellular mediator of glutamate receptor activation, neuronal nitric oxide synthase (nNOS) were previously observed in locus coeruleus (LC) from subjects diagnosed with major depression. This finding implicates abnormalities in glutamate signaling in depression. Receptors responding to glutamate in the LC include ionotropic N-methyl-D-aspartate receptors (NMDARs). The functional NMDAR is a hetero-oligomeric structure composed of NR1 and NR2 (A-D) subunits. Tissue containing the LC and a nonlimbic LC projection area (cerebellum) was obtained from 13 and 9 matched pairs, respectively, of depressed subjects and control subjects lacking major psychiatric diagnoses. NMDAR subunit composition in the LC was evaluated in a psychiatrically normal subject. NR1 and NR2C subunit immunoreactivities in LC homogenates showed prominent bands at 120 and 135 kDa, respectively. In contrast to NR1 and NR2C, very weak immunoreactivity of NR2A and NR2B subunits was observed in the LC. Possible changes in concentrations of NR1 and NR2C that might occur in depression were assessed in the LC and cerebellum. The overall amount of NR1 immunoreactivity was normal in the LC and cerebellum in depressed subjects. Amounts of NR2C protein were significantly higher ( þ 61%, p ¼ 0.003) in the LC and modestly, but not significantly, elevated in the cerebellum ( þ 35%) of depressives as compared to matched controls. Higher levels of NR2C subunit implicate altered glutamatergic input to the LC in depressive disorders.
INTRODUCTION
The locus coeruleus (LC) is the largest noradrenergic nucleus in the brain and projects to several cortical and subcortical areas. Previous observations reveal that depression is associated with altered concentrations of several noradrenergic proteins in the LC. For example, elevated levels of tyrosine hydroxylase (TH) (Ordway et al, 1994a; Zhu et al, 1999) , increased agonist binding to a 2 -adrenergic receptors (Ordway et al, 1994b (Ordway et al, , 2003 , and reduced levels of norepinephrine transporters (Klimek et al, 1997) were previously reported in the LC from major depression and in suicide victims. Interestingly, depletion of norepinephrine or repeated stress in rats can increase TH expression, increase binding to a 2 -adrenergic receptors, and/or decrease binding to the norepinephrine transporter (Cubells et al, 1995; Lee et al, 1983; Melia et al, 1992; Torda et al, 1985; U'Prichard et al, 1979; Wang et al, 1998; Zafar et al, 1997) . Together, these findings are highly suggestive of dysfunctional noradrenergic neurotransmission in depression, possibly through stress-induced activation and ultimate depletion of norepinephrine.
Stress-sensitive inputs to the LC include glutamate. Glutamate input to the LC originates predominately in the glutamatergic paragigantocellularis nucleus (Aston-Jones et al, 1986 , 1991 , and also from the cerebral cortex (Jodo and Aston-Jones, 1997; Jodo et al, 1998) . Glutamate receptors that modulate LC activity include the N-methyl-D-aspartate receptor (NMDAR). The NMDAR is a heterooligomeric structure composed of the NR1 subunit, NR2 (A-D) subunits, and a less common NR3 subunit. The NR1 subunit is expressed abundantly throughout the brain, while the NR2 subunits vary in their distribution in the central nervous system (for a review see Loftis and Janowsky, 2003) . Stimulation of NMDARs results in, at least in part, the activation of nNOS. The LC region contains NMDAR (Allgaier et al, 2001; Shaw et al, 1992; Van Bockstaele and Colago, 1996) , neuronal nitric oxide synthase (nNOS)-positive neurons (Cuellar et al, 2000; Karolewicz et al, 2004; Xu et al, 1994) , and guanosine 3 0 ,5 0 cyclic monophosphate (cGMP) (Vulliemoz et al, 1999; Xu et al, 1998) , suggesting the existence of a glutamate/nitrergic transduction pathway. The exact cellular localization of these glutamate/nitrergic signaling proteins within the human LC is still unknown. However, immunohistochemical labeling of nNOS, an intracellular mediator of glutamate-NMDAR signaling, revealed localization of nNOS in neurons and glial cells in the region of the LC of a psychiatrically normal subject (Karolewicz et al, 2004) . Interestingly, several lines of evidence suggest a crucial involvement of glutamate signaling in the pathophysiology of depression and in the mechanism of action of antidepressant drugs. Compounds that decrease glutamatergic transmission via blockade of ionotropic NMDA or group I metabotropic glutamate receptors produce antidepressant-like effect in animal screening procedures (Layer et al, 1995; Moryl et al, 1993; Papp and Moryl, 1994; Skolnick, 1999; Tatarczynska et al, 2001) . Moreover, recent studies have revealed that agonists of group III metabotropic glutamate receptors, known to inhibit glutamate release, exhibit antidepressant-like activity in animals (Palucha et al, 2004; Tatarczynska et al, 2002) . Furthermore, ketamine, an NMDAR antagonist, exhibits antidepressant activity in humans (Berman et al, 2000) .
Hence, converging evidence from laboratory and clinical studies provide the basis for the hypothesis that glutamatergic input to the LC may be altered in depression, leading to compensatory changes in LC proteins. Recently, a low amount of nNOS was reported in subjects diagnosed with major depression (Karolewicz et al, 2004) . The aim of the present study was to (1) examine the composition of the NMDAR in the human LC, and (2) investigate potential abnormalities in the concentrations of NMDAR subunits in the LC that might occur in depressed subjects. For the study of depressive disorders, subjects were matched for age, sex, cigarette smoking history, and as close as possible for postmortem interval (PMI). Brain tissue was collected from carefully screened subjects (post-mortem) who were diagnosed retrospectively with depressive disorders at the time of death, including major depression, dysthymia and adjustment disorder with depressed mood, and from controls who lacked major (Axis I) psychiatric disorders, except as indicated below for nicotine dependence.
MATERIALS AND METHODS

Human Subjects
NMDAR subunit immunoreactivity was analyzed in the LC and cerebellum from 13 and nine pairs, respectively, from subjects having depressive symptoms and individually paired control subjects. In all, 10 depressed subjects had an Axis I diagnosis of major depression, two subjects were diagnosed with dysthymia, and one subject was diagnosed with adjustment disorder with depressed mood. The two subjects diagnosed with dysthymia had a comorbid diagnosis of alcohol abuse (see Tables 1 and 2 for information on all subjects). Tissue was obtained at autopsy at the Coroner's Office of Cuyahoga County, Cleveland, OH, USA. An ethical protocol approved by the Institutional Review Board of the University Hospitals of Cleveland was used and informed written consent was obtained from the next-of-kin for all subjects. Blood and urine samples from all subjects were examined by the coroner's office for psychotropic medications and substances of abuse.
Retrospective, informant-based psychiatric assessments were performed for all depressed and control subjects. The Structured Clinical Interview for DSM-IV Psychiatric Disorders (SCID-IV) was administered to next-of-kin of the 10 of depressed subjects (First et al, 1996) . A trained interviewer administered the Schedule for Affective Disorders and Schizophrenia: lifetime version (SADS-L) to knowledgeable next-of-kin of the three remaining depressed subjects. Axis I psychopathology was assessed and consensus diagnosis was reached in conference using information from the interview and medical records. All subjects with dysthymia and adjustment disorder and seven of the 10 major depressive subjects died as a result of suicide.
Information regarding medication history came from the coroner's records (prescriptions issued to the deceased around the time of death) as well as medical records. Compliance with prescriptions at the time of death was assessed by a pill count (versus the date of prescription), post-mortem determination of blood or urine levels of the medication, and the interview with the next-of-kin. No antidepressant drugs were detected in the post-mortem toxicology screening of subjects in the present study (Table 1) , as the presence of such drugs was a criterion of exclusion from the study. Information on smoking was also collected in the interview. In the present study, there were eight pairs of active cigarette smokers, one pair of subjects with past histories of smoking, and four pairs of nonsmokers (never smoked).
The control subjects did not meet criteria for an Axis I disorder at the time of their deaths, except as indicated above for nicotine dependence. Blocks of brain tissue were dissected, frozen in dry-ice cooled isopentane and stored at À801C.
Dissection and Anatomical Positioning of Measurements
Frozen tissue blocks were cut along the entire length of the LC, with histological sections taken at 1 mm intervals to evaluate anatomical position along the LC axis. The LC was punched from sections and punches were stored in microfuge tubes. The exact location of the rostral and caudal end of the LC was individualized for each subject based on Nissl staining and subsequent cell counting. The LC had its rostral border defined as a point where at least 2575 neuromelanin-containing cells identified. The caudal border was defined near the caudal end at a point where 2575 or less neuromelanin-containing cells were present. The whole LC was punched into 50 mm thick sections. For each anatomical level of the LC, tissue was collected from 2 mm of sections that were each centered at points that represented 25, 50, and 75% of the total rostrocaudal length of the LC. All results for the NR1 subunit in depression were generated from these rostral, middle, and caudal portions of the LC. For the study of the NR2C subunit, pooled tissue from three anatomical levels (rostral, middle, and caudal) was used in the Western blot assays due to limitations of tissue amount. For the study of the cerebellum, several sections (total weight approximately 80 mg) of the right cerebellar hemisphere were collected into tubes and stored in À801C until assayed. Samples of right hippocampus (located adjacent to amygdaloid complex) were dissected and used in the study of NMDAR subunit composition.
Immunobloting of NMDA Receptor Subunits LC, cerebellum, and hippocampus tissue samples were prepared according to the method published by Nash et al (1997) , with minor modifications. Briefly, samples were homogenized in ice-cold TE buffer (10 mM Tris-HCl and 1 mM ethylene-diaminetetraacetate, EDTA) containing protease inhibitors (Protease Inhibitor Cocktail TabletsF CompleteTM, Boehringer Mannheim GmbH, Mannheim, Germany). Total protein concentrations for all samples were determined using the bicinchoninic acid method (Pierce Biotechnology Inc., Rockford, IL). Samples were mixed with sample buffer (0.125 M Tris base, 20% glycerol, 4% SDS, 10% mercaptoethanol, 0.05% bromophenol blue, pH 6.8) and heated at 951C for 8 min. Solubilized protein (20 mg/ lane) was subjected to 7.5% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes (Hybond ECL; Amersham Biosciences, Buckinghamshire, England). After transfer, blots were blocked in 5% nonfat milk/TBS (20 mM Tris base and 0.5 M NaCl, pH 7.5) for 2 h, and then incubated (overnight at 41C) with mouse anti-NR1 monoclonal antibody (diluted 1 : 1000) (Pharmingen, BD Biosciences, San Diego, CA). NR2A and NR2B subunits were labeled using rabbit polyclonal antibodies (Novus Biological Inc., Littleton, CA), and NR2C subunit was detected similarly (ABRAffinity BioReagents, Golden, CO). Antibodies against NR2 (A-C) subunits were diluted 1 : 500. Membranes were washed three times for 10 min in TBS buffer and incubated with secondary anti-mouse antibody (diluted 1 : 2000; Amersham Biosciences, Buckinghamshire, England) for NR1 subunit and anti-rabbit secondary antibody for NR2 (A-C) (diluted 1 : 3000; Amersham Biosciences, Buckinghamshire, England). After incubation, blots were washed three times for 15 min in TBS buffer and developed using enhanced chemiluminescence detection (ECL; Perkin-Elmer Life Sciences Inc., Boston, MA) and immediately exposed to film (Hyperfilm-ECL; Amersham Biosciences, Buckinghamshire, England). As a control for transfer and loading, actin was detected on each blot using an anti-actin monoclonal antibody (Chemicon International Inc., Temecula, CA). Immunoreactivity of NR1 and NR2C was investigated in pairs of depressed subjects and matched controls in the LC and cerebellum. Pairs of subjects were immunoblotted on the same gel in duplicate. Subjects used in the cerebellum study; S, active smoker; Shx, history of smoking.
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Relationship between the Optical Density and the Total Protein Concentration
In order to determine the relationship between optical density values and the concentrations of subunit immunoreactivities, 10, 20, and 40 mg of total LC protein was loaded into gels and immunobloted with anti-NR1 and anti-NR2C antibodies. Optical density values of immunoreactive bands were measured and are presented as a function of total LC protein concentration (expressed in mg). Analyses of blots revealed an approximately 1:1 relationship between changes in optical density values and changes in protein concentrations. That is, a 100% increase in total protein loading resulted in an approximately 100% increase in the optical density of NR1 and NR2C immunoreactive bands (Figure 1 ).
Data Analysis
Band densities for NR1 and NR2C (and their control proteinFactin) were analyzed using imaging software (MCID Elite 7.0; Imaging Research, St Catherines, Ontario, Canada). Relative optical density values of experimental protein were normalized to values of control protein (actin) on the same gel. For the study of depression, normalized values from each depressive subject are expressed as percentages (averaged from duplicates) of the normalized value from the paired control subject, both of which were run on the same gel. Results were analyzed statistically using the two-tailed paired Student's t-test (GraphPad Prism 3.0, GraphPad Software Incorporated, San Diego, CA). Summary statistics are reported as the mean7 standard error of the mean (SEM). In order to adjust for multiple comparisons (two subunits analyzed per region), the p-value of 0.05 was adjusted to avoid a Type 1 error. Thus, a p-value o0.025 was considered as a threshold for significance. The potential contribution of confounding factors (age, PMI, and brain pH) was evaluated in separate experiments using cerebellum tissue. For these latter experiments, all control subjects (n ¼ 9) were blotted together and all depressive subjects (n ¼ 9) were blotted together. Linear regression analysis (GraphPad Prism 3.0) was used to compute potential correlations between the amount of NR1 and NR2C immunoreactivity and potentially confounding factors.
RESULTS
Subunit Composition of NMDAR in the Human LC
Examination of an LC from a subject lacking a major psychiatric diagnosis revealed the presence of NR1 and NR2C subunit immunoreactivities as predominant bands at 120 and 135 kDa, respectively ( Figure 2 ). As a comparison, an equal amount of protein from the hippocampus of the same subject was loaded for SDS-PAGE. High levels of both NR1 and NR2C subunit immunoreactivities were observed in the hippocampus. In contrast to NR1 and NR2C, very weak expression of NR2A and NR2B subunits was observed in the LC, while the hippocampus displayed prominent expression of NR2B and marked, but less abundant NR2A subunit (Figure 2 ). The polyclonal antibody used for identifying the NR2C subunit also detects 180 kDa proteins Figure 1 Relationship between the optical density values of NR1 and NR2C subunit immunoreactivity and total protein concentration in the human LC. Wells were loaded with 40, 20, and 10 mg of total human LC protein.
NMDA receptor in the LC in depression B Karolewicz et al representing NR2A and NR2B in the hippocampus (Affinity BioReagents Cat. # OPA1-04020, Figure 2 ). The presence of NR2D and NR3 subunits of the NMDAR was not tested due to an unavailability of antibodies for these proteins.
NR1 in Depressed vs Control Subjects
NR1 protein level was analyzed by immunoblotting in the LC from 13 pairs of depressed subjects and individually paired control subjects. Western blot analyses of different subjects consistently revealed bands corresponding to the molecular mass of B120 kDa. Figure 3a shows a representative immunoblot of NR1 from a single pair used in the analysis, representing three separate, anatomical levels of the human LC: rostral (R), middle (M), and caudal (C). Amounts of NR1 immunoreactivity, normalized by actin immunoreactivity, from depressed subjects were compared to amounts of normalized NR1 immunoreactivity of matched controls probed on the same blots. These amounts are presented individually as percentages of matched controls in Figure 3b . Averaged NR1 immunoreactivities from depressive subjects were 9676% of that from control subjects and this difference did not reach statistical significance (t ¼ 1.09; df ¼ 12; p ¼ 0.3). NR1 immunoreactivity was also measured in the nonlimbic brain region, cerebellum, from nine of the 13 depressive/control pairs used to study the LC (cerebelli from four pairs not available). Averaged NR1 immunoreactivities of depressive subjects, expressed as a percentage of control values, were 89.879% of that from control subjects. This difference did not reach statistical significance (t ¼ 1.14; df ¼ 8; p ¼ 0.29; Figure 4 ).
NR2C in Depressed vs Control Subjects
Levels of NR2C protein were analyzed in the LC from 13 pairs of depressed subjects and individually paired control subjects. Western blot analyses of different subjects consistently revealed bands corresponding to the molecular mass of B135 kDa. Figure 5a shows a representative immunoblot of NR2C from a single pair used in the analysis, representing pooled tissue from three anatomical levels of the LC (rostral, middle, and caudal). The relative amounts of NR2C immunoreactivity, normalized to actin 2) and in hippocampus (lanes 3 and 4) . In lanes 1 and 3, each well was loaded with 20 mg of total protein; for lanes 2 and 4, 40 mg of total protein was loaded into wells. The polyclonal antibody used against NR2C protein also detects a 180 kDa protein representing NR2A and NR2B subunits in the hippocampus. NMDA receptor in the LC in depression B Karolewicz et al immunoreactivity, from depressed subjects were compared to the amounts of normalized immunoreactivity of matched controls probed on the same blots and these are presented individually as percentages of matched controls in Figure 5b . Amounts of NR2C immunoreactivity were higher in the LC from 12 out of 13 depressed subjects relative to their matched controls. As a percentage of control values, averaged NR2C immunoreactivities from depressive subjects were 161714% and this difference was statistically significant (t ¼ 3.73; df ¼ 12; p ¼ 0.003).
In order to examine whether alterations of NR2C protein observed in the LC of depressed subjects would be observed in a nonlimbic LC projection area, for example, cerebellum, NR2C immunoreactivity was measured in cerebelli from nine of the 13 depressive/control pairs used to study the LC (Figure 6 ). Averaged NR2C immunoreactivities from Each bar is an average of duplicate comparisons. The overall relative amount of NR2C was higher in the LC ( þ 61%, p ¼ 0.003) among depressive subjects compared with individually matched control subjects.
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Age, PMI, Brain pH and NMDAR Subunits
The age of control subjects ranged from 27 to 59 years (4373 years) and depressed subjects ranged from 24 to 64 years (4273 years). The average ages of depressed and control subjects were not significantly different. PMIs of control and depressed subjects ranged from 6 to 22 h (1471 h) and from 5 to 44 h (2172 h), respectively. The average PMIs of depressed and control subjects were significantly different (po0.05). The average brain pH values of depressives (6.6370.07) and controls (6.6770.08) were not significantly different and ranged from 6.0 to 6.98 in controls and 6.24 to 6.91 in depressives. The effect of potentially confounding factors on NR1 and NR2C subunits immunoreactivity was carefully examined in separate experiments where all cerebellar samples from controls and depressives subjects were run on two separate gels. This was particularly important for PMI, since there was a significant difference in PMI values comparing depressive to control subjects. There was no significant correlation between PMI and the amount of NR1 (controls, r 2 ¼ 0.01; depressed r 2 ¼ 0.16) and the amount of NR2C (controls, r 2 ¼ 0.005; depressed, r 2 ¼ 0.09; Figure 7a and b). It is noteworthy that data presented in Figure 7a and b represent two separate experiments and separate films. No attempt was made to standardize samples between experiments to generate Figure 7a and b. Hence, quantitative comparisons of gels of Figure 7a to those in Figure 7b are not valid.
Using data from the experiment to examine the effect of PMI on NR1 and NR2C, the potential effect of age and brain pH on NR1 and NR2C levels was evaluated. There was no significant correlation between age and the amount of NR1 (controls, r 2 ¼ 0.05; depressed r 2 ¼ 0.03) and NR2C (controls, r 2 ¼ 0.11; depressed r 2 ¼ 0.001). Finally, there was no significant correlation between brain pH and the amount of NR1 (controls, r 2 ¼ 0.06; depressed, r 2 ¼ 0.25) and NR2C (controls, r 2 ¼ 0.12; depressed r 2 ¼ 0.20) subunit immunoreactivity in the cerebellum.
DISCUSSION
The present study provides evidence that the NMDAR in the LC is predominantly composed of a combination of NR1 and NR2C subunits. In contrast to the LC, three subunits investigated from NR2 family (NR2A, NR2B, and NR2C) were detected in the hippocampus. Hippocampal tissue was chosen as a reference region based on abundant evidence demonstrating prominent expression of NR2A and NR2B subunits. In contrast to the hippocampus, LC tissue (in equal amounts of protein as hippocampal samples) displayed a very weak, almost undetectable, expression of NR2A and NR2B subunits. Hence, it seems reasonable to conclude that NR2A and NR2B subunits are much less abundant in the LC than in the hippocampus. Moreover, the present study demonstrates that the amount of NR1 protein was normal in both the LC and cerebellum of depressed subjects. However, the amount of NR2C subunit was significantly elevated in the LC and modestly higher in the cerebellum of depressed subjects relative to the carefully matched control subjects lacking a major psychiatric diagnosis.
NMDAR Subunit Composition in the Human LC
The present data confirms that NR1 is a key abundant subunit and that it apparently coassembles with specific subunits from NR2 family depending on the brain region. These findings are consistent with in situ hybridization studies showing expression of the mRNA encoding NR1 subunit in human brain stem nuclei. Of the NR2 family, only NR2C was found to be expressed in these nuclei, including the LC (Rigby et al, 1996) . Additionally, Allgaier et al (2001) demonstrated expression of NR2C mRNA by the majority of rat LC cells examined by single-cell RT-PCR analysis. The functional significance of this unique NR1/ NR2C assembly is not understood at present and further studies are needed to elucidate its physiological relevance in the human LC. However, based on the previous observations, recombinant NR1/2C receptors have a lower current amplitude, shorter open time, smaller single conductance, and reduced sensitivity to Mg 2 þ than other subunit assemblies (Daggett et al, 1998; Ishii et al, 1993; Kutsuwada et al, 1992; Laurie and Seeburg, 1994; Monyer et al, 1994) .
Role of Glutamatergic Signaling in Depression
We have previously postulated that major depression is associated with noradrenergic overdrive, as well as norepinephrine depletion, based on biochemical alterations in the LC of major depressives (Ordway et al, 2002) . Abnormalities that have been observed in the LC from human depressives (Klimek et al, 1997; Ordway et al, 1994a Ordway et al, , 1994b Ordway et al, , 2003 Zhu et al, 1999) can be reproduced, in part, by chronic stress or pharmacological depletion of norepinephrine in rats (Cubells et al, 1995; Lee et al, 1983; Melia et al, 1992; Torda et al, 1985; U'Prichard et al, 1979; Wang et al, 1998; Zafar et al, 1997) . Given that stress activates the LC in laboratory animals (Pavcovich et al, 1990) , that chronic stress depletes norepinephrine in the LC (Weiss and Simson, 1986) , and that stress is a common precipitator of depression in humans, it seems possible that depression may be associated with elevated excitatory input to the LC.
A major excitatory input to the LC is glutamate. Interestingly, handling and immobilization stress increases glutamate measured in the rat LC by microdialysis (Singewald et al, 1995; Timmerman et al, 1999) . Exposure to stress has been shown to increase mRNA levels of NR1 and NR2 subunits of NMDAR and GluR1 subunit of AMPA receptor in forebrain regions (Bartanusz et al, 1995; Fitzgerald et al, 1996; Schwendt and Jezova, 2000; Watanabe et al, 1995) . Repeated stress also increases expression of GluR1 and NR1 subunits in the midbrain (Fitzgerald et al, 1996 ; for a review see Moghaddam, 2002) . Moreover, olfactory bulbectomy (model used to study antidepressive agents) results in an increase of MK-801 binding to NMDAR measured in the medial prefrontal cortex (Webster et al, 2000) and in regional alterations in the glutamate metabotropic receptor 5 in rat hippocampus (Wieronska et al, 2001 ). These data demonstrate that glutamate abnormalities, precipitated by stress or generated in an animal model of depression, may contribute to functional and behavioral deficits that parallel human depression. In fact, previous post-mortem studies provide evidence that radioligand binding to NMDAR regulatory sites are altered in suicide victims and depressive disorders (Nowak et al, 1995; Nudmamud-Thanoi and Reynolds, 2004) . Moreover, low levels of nNOS in the LC have been observed (Karolewicz et al, 2004) in the majority of same depressed subjects as were investigated in the present study. The activation of NMDAR leads to the activation of nNOS and stimulation of soluble guanylyl cyclase. Thus, nNOS is a part of the cascade of subcellular events linking NMDAR function with intracellular messengers systems. These findings together with the present finding of elevated amounts of the NR2C subunit of the NMDAR raise speculation that depression is associated with altered glutamatergic/nitrergic signaling in the LC.
Several indices of elevated glutamatergic transmission associated with depression have been previously demonstrated. For example, elevated levels of cerebrospinal fluid glutamine (glutamate metabolite/precursor) (Levine et al, 2000) and plasma glutamate were shown in depressed patients compared to controls (Altamura et al, 1993; Mauri et al, 1998) . In addition, a reduction in the activity of glutamate metabolic enzymeFglutamate decarboxylaseFwas shown in neuropsychiatric disorders including depression (Kaiya et al, 1982) . Recently, Sanacora et al (2004) demonstrated increased levels of glutamate in occipital cortex in depressed subjects as compared to healthy controls, utilizing proton magnetic resonance spectroscopy. On the other hand, Auer et al (2000) reported reduced glutamate level in the anterior cingulate cortex associated with depression. Consistent with the hypothesis that depression is associated with elevated glutamatergic transmission, NMDAR antagonists exhibit antidepressant-like potential in rodent antidepressant screening procedures (Moryl et al, 1993; Papp and Moryl, 1994) . In addition, ketamine, an NMDAR antagonist, exhibits antidepressant activity in humans (Berman et al, 2000) . If glutamatergic input to the LC is elevated in depression, the putative antidepressant properties of NMDAR antagonists may be mediated, at least in part, by blockade of excitatory input to the LC.
Shortcomings of This Study
In the present study, the NR2C protein immunoreactivity was measured in the post-mortem tissue homogenates as opposed to measuring functional NR2C subunit protein that is expressed on the surface of the plasma membrane. Whether the increase in the total cellular NR2C protein immunoreactivity is positively correlated with an elevation of functional subunit expression cannot be answered based on the present experiments.
Since 10 out of 13 depressed subjects committed suicide, it is possible that behaviors related to suicide, but distinct from depressive symptoms associated with the depressive disorders studied might contribute to altered NR2C protein in the LC. However, it is worth noting that three subjects who died of natural causes had average amounts of NR2C higher than their respective controls, thus comparable to the levels observed in subjects dying as a result of suicide. Hence, the present findings are suggestive of altered glutamatergic signaling in the LC in depressive disorders. In the present study, three out of 13 subjects were not diagnosed with major depression but diagnosed with dysthymia, and adjustment disorder with depressed mood. The overall level of NR2C subunit in those three subjects was comparable to the levels observed in subjects diagnosed with major depression. Thus, the present data indicate that dysfunction of glutamatergic signaling may be associated with behavioral symptoms common to these depressive disorders, that is, depressed mood.
Treatment of depression may contribute to the adaptive changes seen in the human post-mortem brain. In fact, animal studies have provided evidence that antidepressant drugs produce time-and dose-dependent changes in the radioligand binding properties of the NMDAR (Nowak et al, 1998; Paul et al, 1994; Skolnick et al, 1996) and produce region-specific reductions of transcripts for NMDAR subunits in mouse brain (Boyer et al, 1998) . The depressive subjects in the present study include three with a reported history of medication with antidepressants at some point during their lifetime (see Table 2 , information obtained in structured clinical interviews by a trained interviewer with the next-of-kin). However, the presence of these drugs was not revealed in the post-mortem toxicology screening (Table 1 ). In spite of this, the influence of antidepressants was carefully considered. Two subjects examined in the present study have histories of medication with serotonin reuptake inhibitors, and one subject had a history of medication with trazodone (see Table 2 ). All three of these subjects had NR2C levels comparable to the average level of immunoreactivity of depressive subjects lacking the drug exposure. Hence, it is unlikely that past antidepressant drug treatment of depressed subjects contributed to the increases of NR2C.
Despite the effort to match depressive and control subjects based on several potentially confounding variables, PMIs of depressed subjects were longer than those of control subjects. Careful evaluation of this potential confound demonstrated that there was no correlation between the amount of NR2C immunoreactivity and PMI, as measured in the cerebellum (Figure 7a and b) . Therefore, it is not likely that longer PMI contributes to increased levels of NR2C as observed in depressed subjects. Moreover, recent studies of other laboratories (Gonzalez-Maeso et al, 2002; Mato and Pazos, 2004) and our previous findings (Karolewicz et al, 2004) provide additional evidence that post-mortem delay does not affect receptor density and protein immunoreactivity in post-mortem tissue.
Based on the present observations, it cannot be assumed that elevated levels of NR2C subunit in depression reflect functional NMDAR subunits expressed on the surface of neurons. A potential dysfunction of glutamatergic transmission can be assessed by examination of NMDAR-associated intracellular proteins. In fact, nNOS protein level was reported to be lower (Karolewicz et al, 2004) in the majority of subjects who were investigated in the present study. Additional research is needed to understand how changes in glutamatergic activity alter the expression of functional NMDAR subunits, intracellular signaling molecules, and downstream cellular events.
Conclusions
The present findings indicate that the NMDAR in the human LC is composed predominantly of a combination of NR1 and NR2C subunits. Amounts of NR1 protein are normal, while amounts of NR2C are significantly elevated in the LC in depressed subjects. Increased amounts of NR2C immunoreactivity may reflect abnormal glutamatergic transmission in the LC in depressive disorders. Further study of the glutamatergic signaling pathway in depression involving non-NMDA ionotropic receptors and metabotropic glutamate receptors will lead to a better understanding of the role of glutamate in the pathology of depression.
